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I . INTRODUCTION 

In homogeneous reactor theory the thermal neutron flux 
distribution in a given direction in tno reactor core is 
represented as a smooth curve having a shape which is de- 
pendent upon the core geometry. In a bare rectangular 
parallelepiood reaotor the flux distribution along each co- 
ordinate axis is a cosine curve across the core. In a 
heterogeneous reactor consisting of rods of fuel regularly- 
arranged In a moderating medium, the general shape of the 
flux distribution across the core is similar to the cosine 
distribution of the homogeneous reactor. However, the ab- 
sorption of neutrons is much higher in the uranium fuel rods 
than it is in the moderating material, and hence there are 
local depressions in the neutron fl\xx near the uranium fuel 
rods. 

The theory of the natural uranium heterogeneous re*actor 
has been broken down into microscopic theory and macroscopic 
theory. Macroscopic theory deals with the overall flux dis- 
tribution in the reactor and permits the determination of 
such parameters as critical sise and critical mass for a 
given reactor design. Microscopic theory deals with the 
local flux distribution in the unit coll of the reactor cor®, 
and It permits the calculation of the various lattice 



2 

constants, such as thermal utilisation, resonance escape 
probability, lattice diffusion length and material buckling. 
The oubcritlcal assembly can b© used to determine experi- 
mentally these lattice constants for a proposed reactor de- 
sign. ^ince reactor theory is subject to many limitations 
and approximations, the subcritical assembly is a valuable 
tool which can be used to either check or supplement theo- 
retical calculations. 

The purpose of this thesis was to investigate the flux 
distribution in the unit cell of the Iowa State College 
uranium graphite subcritical assembly. Several techniques 
for flux measurement using the foil activation method x*ere 
al3o Investigated. The flux distribution was measured in 
three different directions inside the unit cell both with 
and without coolant, and the experimental results were com- 
pared with the theoretical flux distribution in the unit 
oell. 
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II. RFVI r V» OF ?1£T LI IFKATURE 

The use of the activation method for measuring thermal 
neuti’on flux was covered in detail by Feld (if) • Cohen (3) 
described further use of the activation method and how it 
could b© used to determine the microscopic flux distribution 
within a unit cell, he also pointed out the particular 
value of the foil activation method in determining flux dis- 
tribution near the boundary of two dissimilar mediums where 
diffusion theory cannot be applied with accuracy, hummel 
and hamermesh. (9) investigated the neutron flux depression 
in the neighborhood of a oilvcsr foil but no quantitative re- 
sults were given for indium foil. Clayton (2) and Bichey 
(11) discussed in detail the foil placement in the unit cell 
of a uranium graphite lattice and the procedures and correc- 
tions used in counting. 

Murray (10) developed the flux distribution for a two- 
region fuel -moderator lattice system based on diffusion 
theory for mono energetic neutrons. Ho further presented a 
method of estimating the effect of extra absorption due to 
the presence of other components in the unit coll, such as 
cladding, tubing, coolant and Insulation. In this method it 
was assumed that all the other components act as poisons which 
can be tolerated, and henco they do not appreciably disturb 
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fcion lit tbo vorioa call components . 

iv devoloor^rit of the theoretical flux <11^ trioufcion in 
tne unit cell of a uranium t -ranhifc© lattice wit... vxr coo a .tut 
was presented oy dugrenhein fend nyeo ( 7) • ->*' ir theory 

pr-vi ded for t. to determination of the* flux distribution In 
tlie various coll co”' jonents waicW included an aiunlnu* r ? c ^ad 
uranium s1uf } , an uir unnulu* and a ,.:r audit© noder-utor. 

.ur-if!»y arid Vo feoff (1?J, in hast (l>), extended to© theory to 
include the node rutin-' effect of * coolant annulus filled 
with water*, dor: ana on (0) calculated the physical conet.u ts 
for the sub critic a? ulsa©'-'bly whic.t is the subject of this- 
thesis and ,-.*torr^i'<ed t nr effect of coolant and lattice alto 
u o on t • te \ t e .1 al ju c . 1 in*-: . 
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symbol Units 
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A. 0 c/xn 



in, cm 



u 



a 



in“^, cm' 
in, cm 
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neutrons/ sec 


era/ 



Meaning 

Oomoeti fcive absorption (see . 11) 
Saturation activl ty 

Corrected saturation activity due to 
first node only 

Corrected saturation activity re- 
ferred to the centoi of the unit 
cell 

extrapolated width along x-axis 
Blocking term (see p« 12} 

Hate? 1 i al bucc ling 

extrapolated width along y-axis 
Lnd correction terra 

Hurra© nic correction terra 

■NXtrapol »ted height along a-axio 
diffusion coefficient 

Disadvantage factor of uranium, 

overall correction factor (see 33) 
iherm.' 1 uti Li cat ion 
and correction factor 

Harmonic correction factor 
horizontal position correction 
factor (se© p. 33) 

Vertical position correction factor 
(soo p. 33) 

Constant v-hich relates flux level to 
neutron source strength (no© n. 7) 
Constant of proportionality 

A „ 

Beutron source tern, ~'1‘ 

abb 

Slowing dc-vn density 

.relative absorption son (scf . 11) 

, ad i a 1 d i s i an c e 
3ourco strength 

Br cess absorption terra (aee p. 12) 
dour co ter-:- for uranium 
iiource tern for moderator 
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Volurae 
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Inverse relaxation length 
ater noder.it ion correction tern 
( aeo p. 13) 

Thermal neutron flux 

Inverse diffusion length 
Sacroscooic absorption cross section 
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III. Trf-ciu .i 'IIG.U j SLj: L>Ih' IbUTI t IB 

..JJhOr.lTI i\.j 

The thermal neutron flux in a falx’ iy 1 rgo oubcritical 
assembly in the central ro-ji n away from the boundaries and 
extraneous neutron sources can be represented by (6, p. 281) 

S7 $ * h m 2 t = 0 -h. i 

where 0 is the thermal neutron flux, ^ is the Lapl&cian 
operator and 8^ is the material buckling of the particular 
lattice system, usually expressed in era"* 1 '. With the usual 
boundary conditions that the flux is everywhere finite and 
non-negative and is zero at t ie extrapolated boundaries tne 
solution to the above equation is 

:lg* JL ZEE -Xmn 2 • 

r cos a cos b © 
an 

m=l n=l hq. 2 

(l - e " 2r ®n ! °- z j) 

vtoero a, b and c are the extrapolated dimensions of the 
subcritic al assembly in cm and 'Y'- Vn in cm”"*' is defined by 

-V- 2 / mrrf (nrr'f- 2 

Tmi ~ \ a ) *[ b J * B < 5 
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The flax may fchorafoi’e .jb rooresonted as 




r 



mn 



ra -1 n~l 



m rrx 

cos ' cos £ 



T- 2 e' 7 ^* C 



e 



«q. 4 



■where 



C - 



1-6 



•2 



r. 



{ c-s) 



ii*q. 3 



If the expansion is limited to the first and third modes, 
Equation 4 may be written 
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The harmonic correction term, C^, is enclosed in the brackets . 
It may -g rearranged as 
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pine© / 13 - ~)T for a squr.ro t.-ao' 1 assembly. The flux may 
now be written as 
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where K ss ~y — . 
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From E-o. 3 is neon to increase rapidly in value 

' ran 

p 

for hamonioi greater than one since L> m la constant for a 
given lattice system. 3ince the ; u nfcity c - z is also 
large for the central region of the assembly, the end cor- 
rection tern, G e , can be closely apnroxinated by the 
expression 
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a. Two .ogion System 



A first approximation for the thermal neutron flux in 
too unit cell can be nado ay use of on© roue diffusion 
theory in a tvo-region fuel-moderator system (10). To 
simplify the mathematics the square coll is replaced by a 
cylindrical cell of equal area. The diffusion equation for 
the fuel is 
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and for the moderator is 
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hq. 9 



uq* 10 



where i> is the diffusion coefficient in cm, 0 is tho thermal 

neutron flux in noufcrons/ctr/"’ sec, 21 is fcne macroscopic 

— 1 

absorption oro3S section in cm , and 3 is the thermal 

3 

neutron production rat© per cm . foith tno assumptions that 
S u s 0, S f!i is constant, 0 does not vary along the cell axis, 
and that 0 is constant at any given coll radius, the solu- 
tions to Eqs. (9) (10) arc 
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Lq. 16 



and 

M 1 (K„r) = r (x r) . — 1 (X 0 . *o. 17 

" 1 “ I. (X„ t) 1 " 

In tho above equations X is the inverse diffusion length for 
the given medium and I 0 , Ij, K Q and are nodified bos sol 
functions of the zero and first order* The physical con- 
stants for tho subcrifcical assembly were previously deter- 
mined (8) an ri are listed in Table 8 along with the various 
dimensions of the unit cell* Mth those constants and a 
table of B*ss«l functions ll) the flux in the fud and in 
the moderator was determined from Eqs. 11 and 12 assuming 
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r, _ , neutron 

1 2 

cm sec 
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The theoretical flux distribution 



normalized to the flux at tno cell boundary in shown in 
Figure 31 . 

B * l u It i i-egion £>ys tom 



The theoretical flux distribution in a nultlro&ion unit 
cell consisting of fuel, cladding, water coolant, aluminum 
process tuoe and graphite moderator is based on the thermal 
utilization equation derived by Kunsey and Vo lk off 15, 12), 



f,. - f. (1 + S ) 



^0 • 18 



where 
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x ~ •'"il 



■y ' l u p + Iv g + b w * s g 



"V b h- B 

Wp wg 
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The subscripts el, w, p, g and u denote aluminum cladding, 
water, prococa tube , graphite and uranium respectively. An 
abbreviated *xr»laration of hqs. 18 and 19 follows. 

Thermal uti if r :icr. is the ratio of the number of 
thermal neutrons captured in uranium to the total number of 
thermal neutrons captured in the lattice. For a two region 
fuel -mod or a tor system it may be written as 

, _ ST u v u ? u _ x 
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Aq . 20 
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where X is trie dinudvart % ;o factor for the moderator 



X 



XnTu ^ r, u ^ 
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' u ~ f 'l m r u ^ 

Thermal utilisation ma 7 also bo ex»c*eodod as 



w(| • 21 



f - 



1 + A 

Alternately, tho competitive absorption, 

i - 1 = *f 



f*q. 22 



h>4 • 23 



la tho ratio of the number of thermal neutrons captured by 
the moderator to t.10 number captured oy the uranium, the 
addition of other regions to the lattice can bo accommodated 
by expressing the competitive absorption as 



mm *1 ZZ M *4 t* *4-" A -4 mm 4mm •» 

f 1 1 2 3 
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where ti o various a terns nov denote the competitive u~ sorp- 
tion fox* a given region, i'r„e conoetitivo unsorriicr. terns 
for a given region may o furthc broken down as 



k i = 1 ± + 



i 1 j 



h-i. 25 



1* j is tho “relative a >sorpfcion* ter 1 and denotes tho 
number of thermal neutrons captured in tuo ith medium per 
thermal neutron captured In tbe uranium if tho thermal 
neutron density in trie 1th - ediur rei e unifox* ly e jatxl to 
the thermal neutron density at the ur nnium-a lun *nun 
inte; f ace . 
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where V denotes volume and i* Is the disadvantage factor of 
the uranium expressed as 
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G^ is .the ’’excess ao sorption term 1 * and denotes the ex- 
cess number of neutrons caotured in the ith medium per 
thermal neutron absorbed in t*ic uranium due to the excess 
noutx-on density in the ith r-ediuw over the neutron density 
at the i- jth interface* For the water 
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and for the graphite 
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p w wp 

is the "blocicing torn” and denotes the excess num- 
ber of them&l neutron; absor ,od in the jth medium per ther- 
mal neutron absorbed in the uranium due to the neutron 
density rise across the ith medium. 
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where t w is the thickness of the water annulus, nil 
competitive absorption terms except those remaining in hq. 



19 are negligible. 

The term S In 13 accounts for the moderating 
effect of the water and is expressed aa 
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where o is the production rate of thermal neutrons jer 'unit 
volume per second. The ratio of q Vf /q is equal to 20 (11, 
p. 22). 
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1* her* oral description 



The tsu )cri tied! -is- -fro >Xy usee 
vest i^ations is shov: in figure 1. 
layers of graphite, cac.- contain!!!, 
In the first nine layers the alceV 
by 6 ir., v.i-; le in the too five la 



f 02 * 1 1 It! ox Jt T i"i<. 1 2 H 1 i ti- 
lt cons 1.- tel of fourteen 
ten bloc .3 60 in. loir,, 
cr-os i 'action n'as 6 in. 
ers t. o block cross sec- 



tion wan 5 in. bf 6 in. ? 
6- in. sice horizontal . :lvi 
eions of 60 In. ;y 60 in. 
blocks '.-ore cab iron 7-in. 



ho to oIocks : ere laic wit:.. th«- 
g she entire asaa bly the di xn- 
‘.-5 79 in. high, line raohito 
diameter cylindrical rocs so that 



tn« rounded corners provided holes 5r. the a.« ne^bly for the 
Insertion of fuel elements or no as u ring a? iambus. 

The assembly vas covered on too top and sides by covers 
made up of a s mdvieh of nasonite, plywood, and a 0. jIG in. 
thick shoot of cedsluts. i‘l>* purpose of boo car. i' tv vu to 
provide a “blac;.. boundary" to t ••••.« neutrons. aho fs~f bl w uc, s 
counted or a o:\se vhic: u-ovi ueti a so- ace undo v ouu about 

one ’foot high for trio i a ortlcn ox* tliree wa u ; t:ju r, . So 
tanks extern 1 irg t< e len ;th of cv< &aza > l t. e*-e filled and 
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Figure 1 



The eubcritical assembly 
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placed on each side of the source. The center tank con- 
sisted of throe compartment a. The two end compartments, each 
about 26 in. long, ware filled with water. The center com- 
partment was left dry, and in it was placed a small table on 
which the sources vrorc mounted. 

2. Sources 

The assembly source consisted of five individual plu- 
tonium-beryllium neutron sources, each omitting approximately 
I .63 x 1(/ neutrons per second. Each source was contained 
in a stainless steel and tantalum container which was one 
inch in diamatoi’ and 1 3/8 in. high. V-hen placed on tho 
small source table which was located underneath the center of 
the assembly the tops of the source containers wore about 
l/l 6 in. beneath the floor of the assembly. The five sources 
were arranged in a cruciform shape oriented on the x and y 
axes of the coordinate system used as shown in Figure 2. 

3. Fuel e lament 3 

The assembly was loaded with fuel elements as shown in 
Figure 1 by filling every other hole giving an 8.48-in. 
square lattice in the lower region of tho assembly. The 
fuel assembly consisted of canned natural uranium slugs 
wrapped with 23 aluminum wire spacers and inserted in 613 
aluminum process tubes. Tho uranium Aiol itself consisted 
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Figure 



ouborifcical assembly 
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of rods 1 In. In dl are ter and 8 In. long. The 23 aluminum 
cars a had a O.OHO-in. vail thickness and the en d oa^n were 
0.200 in. thick. Thus the overall d intrusions of the fuel 
slugs wore 8.4*0 in. long by l.OSO In. in diameter. 3«ven 
slugs were inserted in each process tube. The alurainusi 
process tunes were 62 in. long, had an outside diameter of 
1*375 in. and a wall thickness of 0.035 in* The effective 
thickness of the coolant annulus between the slug and process 
tubo was 0.112 in. The aluminum wire spacer was 0.102 in. 
in dlanetor, and approximately ten feet of wire was used In 
each fuel assembly. The ends of the process tuoes were 
plugged with number seven rubber stoppers when making runs 
with coolant. 

4* Indium foil positions 

Slots for inserting indium foils were located as shown 
In Figure 2j and were used In making vertical and horizontal 
flux surveys of the overall assembly. A grid system was used 
in identifying blocks and/or foil positions In tho assembly. 
Layers wore numbered from bottom to too from 1 to 14 and the 
ten columns were designated A through J from left to right on 
the east face of the assembly. The foils normally used for 
pile surveys were 1.0 inch by 1.5 In. by 0.C03 In. thick and 
weighed approximately 0.6 mg each. Those were mounted on 
aluminum backing and were inserted in the -lie by means of an 
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aluminum n trip f il holier. It van thus oosaiolo to obtain 
survey * tt x “ -3 in., s ~ '}0 in. and at any value of j 
betwoon aero and -30 in. 



1. Unit Cell 

Block D-6 was cut vertically at a point 20 in. in from 
the east face of the assembly to provide a tost section at 
which unit coll flux measurements could o© wace. This 
particular position was selected to keep harmonic effects to 
a minimum. The bloc r s above block D~ 6 were supported by a 
lever arrangement so that one third of ©lock U- 6 could oaaily 
30 moved in and out of the pile. Grooves | in. deep and 
O.Olp In. vide wore cut into the saved-off face of the 
graphite block spaced 3/4 in* aoart. The unit coll to pettier 
with the foil positions is shown in Figure 3 * on the r and 
K redials there w«e seven foil position© within the fuel 
assert ily nunoored from 1 to 7 as shown for the k radial in 
Fi gu re 3* Since there was no air space between the process 
tub© and the graphite on the «,■, radial t no re ; ero only four 
foil positions, numb ©rod 4 1 through x .4, within the fuel 
assembly on this radial. The foil positions in tno raohite 
were numbered con- eeutively ©roc© ©ding out the ros ofctiv© 
radial as shown in Figure 3. Foil positions along the and 

. radial© extended to the unit cell oouadary while those 
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Figure 3* Unit cell 
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along the 4 radial extended to the fuel assembly in the ad- 
jacent cell. The coordinates of eaoh foil position are 
listed in Table 1. A procoss tube was cut at a point 20 in. 
in frora the east face to nernit placing foils inside the 
coolant annulus of the fuel assembly. On runs nade vifcn 

Table 1. Unit cell foil positions and position correction 
factors 



Position 


X 

in. 


Z 

in* 


Kadial 

distance 

in. 


f 


1% 


0.0 


- 12.00 


30.00 


0 


1.0C0 


1.000 


i 1 


- 12.00 


30.54 


0 • 54 


1.000 


1.034 


P2 


-12.00 


30.60 


0 . 60 


1.000 


1.043 


P3 


-12.00 


30.65 


0.65 


1.000 


1.052 


?k 


-12.00 


30.69 


0.69 


1.000 


1.052 


?5 


-12.00 


30.75 


0.75 


1.000 


1.052 


?6 


-12.00 


30.81 


0.81 


1.000 


1.061 


P7 


-12.00 


30.87 


0.87 


1.000 


1.066 


P8 


-12.00 


31.50 


1.50 


1.0-0 


1.110 


P9 


-12.00 


32.25 


2.25 


L. 000 


1. 174 


P10 


-12.00 


33.00 


3.00 


1.000 


1.2 34 


fll 


-12.00 


33.75 


3.75 


1.000 


1.300 


PI 2 


-12.00 


34-50 


4.50 


1.000 


1.360 


P13 


-12.00 


35.25 


5*25 


1.000 


1.440 


vil 


-11.62 


30.38 


0.54 


0.985 


1.026 


42 


-11.58 


30 . I t 2 


0.60 


0.985 


1.030 


■3 


-11.54 


30.46 


0.65 


0.985 


1.030 


■ ji . 


-11.51 


30.49 


0.69 


0.982 


1.034 


Q5 


-11.25 


30.75 


1 • 06 


0.974 


1.057 


■3 


-10.50 


31.50 


2.12 


0.952 


1.110 


■cl 


- 9.75 


32.25 


3.18 


0.931 


1.174 


48 


- 9.00 


33.00 


4.24 


0.913 


1.234 


Q9 


- 8.25 


33.75 


5.30 


0.898 


1.300 


410 


- 7.50 


34.50 


6.36 


0.882 


1.360 
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Tablo 1. (continued) 



Position 


X 


z 


Ladial 




r» 

± yr 


f 








din fcar.ee 




X 


z 




in. 


in. 


In. 








an 


- 6.75 


35.25 


7.42 




0.870 


1.440 


ia 


- 11.46 


30.0 


0.54 




0.780 


1.000 


uZ 


- 11.40 


30 . c 


0.60 




0.979 


1.000 


K3 


-11.35 


30.0 


0.65 




0.975 


1.000 


> l k 


- 11.31 


30.0 


0.69 




0.975 


1.000 


& 


-11.25 


30.0 


0.75 




0.972 


1.000 


k 6 


-11.19 


30.0 


0.61 




0.971 


1.000 


hi 


-11.13 


30.0 


0 . 6 ? 




0.968 


1.000 


k 8 


- 10.50 


30.0 


1.50 




0.952 


1.000 


B9 


- 9.75 


30.0 


2.25 




0.931 


1.000 


K 10 


- 9.00 


30.0 


3.00 




0.913 


1.000 


all 


- 8.25 


30.0 


3.75 




0.898 


1.000 


H 12 


- 7.50 


30.0 


4.50 




0.882 


1.000 


B 13 


- 6.75 


30.00 


5.25 




0.870 


1.000 


coolant t 


Vie process 


tube was 


sealed with - 


?afcex*poof olec 




trie i an 1 a 


i tape . 












Three sisos of 


indium foil were used. 


for 


flux measure- 


mnts in 


the unit cell as follows: 








Table 2. 


Indium foils used 


in unit cell 








?oll 


Sis 


a (in.) 


average 


wfc . 


( mg ) 





Snail h- x \ 



X 3/4 

} - x 7/8 



Medium 

Large 



0.096 

0.130 

0.152 

























. 

























































Tho weight of each foil was determined to fc ><? nearest tenth 
of a milligram. Tho foils were mounted on scotch tap© 
backing and were held in place in positions around the fuel 
element by means of electrician’s tape or adhesive tape. 
Isadial positions 2, 5, 6 and ? were obtained by Pending the 
tape into an Inverted tt V M with the foil placed at the 
desired position. 



o. Counting Equipment 

A Nuclear-Chic ago model l8l A scale r and model D3 k mica 
end window counter were used to count irradiated indium foil 
activities. The counter was placed inside a 2- in. thiok 
lead shield vrhich resulted in an aver age background count of 
20 counts per minute, kn automatic timer which could be set 
for any desired counting time was used in conjunction with 
the scaler. The indium foil counting geometry was held 
constant by moans of trays on which tho foil positions had 



been narked 



VI. LXPli. .ItfaPTAL P lOOhJURb 



A. Determination of r 

In order to correct foil readings obtained at various 
points in the subcritical assembly, it vas necessary to 
determine r , the inverse relaxation length for the thermal 
neutron flux in the assembly. Vertical flux surveys were 
made at x = -3 in. and y ~ -10 in. fren z ~ 18 in. to z = 

5I{- in. ioints for z less than 18 in. and greater than 
in. were not used due to the proximity of the source in the 
first instance and the change In lattice siso in the latter. 
The indiun foils welching an average of 0.^9 >3 gm were used 
for these surveys, and they were irradiated for a minimum of 
eight hours which gave an induced activity of 99.8 per cent 
of the saturation activity. Observed activities wore cor- 
rected back to tine of removal from the assembly, and this 
saturation activity was then divided by the particular foil 
weight to give the normalised saturation activity, A ^ , in 
counts per minute per gram of indium. Surveys w ore nado with 
and without water in the coolant annuli, counting times were 
adjusted to koop the relative standard deviation of the 
observed counting rate less than k per cent. 

The normalised saturation activities wore plotted on 




















. 
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semi- logarithmic paper and a straight lino was faired 
through the points. The alone of this line yielded a trial 
value for IT ^ » which was now used to compute the harmonic 
and end correction terms, C @ and Cj.,. These correction toms 
were then divided into the normalised saturation activities 
to give the activities which. would .o obtained if the 

1,1 harmonic of the? flux distribution were the only one 
present. To further refine the value of r ii » was neces- 
sary to use an iterative process whereby new correction terms 
would be computed and applied to the original normalized 
saturation activities to obtain new corrected values of . 
The method of least squares was applied to obtain a new 
value for t>or ^' nG Purposes of this investigation suf- 

ficient accuracy in the value of 'yl was obtained by going 
through the iterative procedure only once. Harmonic effects 



beyond the third harmonic were found to be negligible arid 



were ignored in calculating the harmonic correction terms. 
Similarly the end correction term, C , was found to have 



negligible effect beyond tho first harmonic, 

— 2 *71 * , { c-" ) 

assumed to be simply l-e> " where c 

to 79 in., the height of the assembly. 



so that C Q was 

Q 

was taken equal 



Tho values of / mn for the higher harmonics wex’o calcu- 
lated from tho relation (2) 



Tmn a (m 1 ’ + n~ - 2) + X> 



bo. 33 
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Table 3. 


Inverse 


relaxation length and 


buckling 






Without coolant 


With coolant 




rH 

1 

M 

•H 

*+ 


0.0705 


0.0713 


*3' 


7^i ( in~ x ) 


0.1598 


0.1600 


^33 


(in** 1 ) 


0.215 


0.215 


B 2 


(in"^) 


1.0 x .10 


0.6 x 10“ 4 


B 2 


(cn~ 2 ) 


28.8 x 10” 6 


9.6 x 10" 6 



where a is the length of the side of the sra are -based 
assembly including the extrapolation distance . The value of 
a was measured to be 62 in. Ihc values of T^rin for the 



various harmonics with and without coolant arc listed in 
Table 3 together with the values for the buckling. The 
material buckling was evaluated from the conation for a 



square-based assembly. 
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The values of harmonic and end correction term's, , Q and 
the noCTaaliHed saturation activity, A M , fund the cor- 
rected activity due bo the first mode only, A-q, are listed 
In Table 4. The corrected activities, A-^, are plotted in 
Figures 4 and 5» 
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Tablo 4» 


Vcrti 


cal flux 


survey at x = -3 


in., y = 


-10 in. 


Position 


s 


c e 


°h 


c e°h 




A 11 




(in. ) 








(c/m; 


(c/m) 








Without 


coolant 






K 3 


18 


0.9997 


1.O847 


1.0847 


2750 


2540 


% 


24 


0.9994 


1.0491 


1.0491 


1943 


1854 


&5 


30 


0.9989 


1.0285 


1.0280 


1088 


1051 


E6 


36 


0.9974 


1.0168 


1.013 


042 


831 


E7 


42 


0.9941 


1.009? 


1.002 


535 


534 


IS 


48 


0.9810 


1.0057 


0.987 


339 


343 


E9 


a 


0.9680 


1.0033 


0.972 


181 


188 








With coolant 






E3 


18 


0.9998 


1.0869 


1.0369 


2860 


2635 


' 4 


24 


0.9996 


1.0505 


1.0505 


1862 


1772 




30 


0.9989 


1.0296 


1.029 


1153 


1121 


E6 


36 


0.9976 


1.0171 


1.013 


780 


770 


117 


h2 


0.9945 


1.0100 


1.004 


503 


501 


18 


48 


0.9870 


1.0058 


0.994 


308 


310 


E9 


54 


0.9700 


1.0034 


0.974 


193 


198 



B. Correction factors for Unit Cell i?*oiX Positions 
Harmonic and end correction factors, f. and f , wore 

U 0 

calculated for each foil position in the unit cell. It 
should be noted that the correction f. actor is equal to the 
reciprocal of the correction tern 




Harmonic and ena correction factors for each foil position in 
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Figure ij,. Vortical flux survey without coolant 



The vortical oile survey was mde at x = -3 In. 
y » -10 in. with 1 in. by 1& in. foils. The 
vertical unit cell survey was made at x E -10 
in. , y = -10 in. with i$ In. by 3/4 in. foils 
at spacing 2. Unit cell survey data was 
normalised to pile survey data. 



yQcr/ v*/ ry, y^ <x > J ( c/m ) 



30 




31 




Figure Vertical flux survey with water coolant 



The vertical pile survey was nndo at x ~ -3 in.* 
y = -10 in. with 1 in. by It in. foils. The 
vertical unit cell survey was read* at x ~ -10 
in., y = -10 in. with $ in. by 3/k in. foils 
at spacing 2. Unit cell survey data was 
normalized to nile survey data. 



/zl£o /4cr/v’/ry j 
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the unit cell aro lifted in Table $. 

In order to compare the flux distribution in th© unit 
cell with the theoretical flux dls tribution it was necessary 
to convert the activities at the various foil positions to a 
common reference point. The point chosen v;a3 t.iO center of 
the unit cell examined which corresponded to the center of 
the uranium slug at x ~ -12 in., z ~ 30 in. It was thorofore 
necessary to make corrections to all activities for the co- 
sine distribution in the x direction and for the exponent ial 
decrease In the z direction. These position corrections wore 
called f,. and f „ respectively, and they were evaluated from 
the equations 




f 



_ - TK 30 -z) 
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The above factors were multiplied together to jive one over- 
all correction factor, F, for each position in the unit cell 
as follows 



T = t f f f, 
x z e n 



an. 
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Values of tho position correction factors are listed in Table 
1, and values of F' are listed In Table 
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Table 5* Unit cell end and horr.onic correction factors 



sit ion 


f o 


bith coolant 


without 


coolant 


*h 


r 


f h 


i' 1 ' 


0.0 


1.001 


1.008 


1.010 


1.009 


1.010 


FI 


1.002 


1.008 


i . 046 


1.009 


1.042 


P2 


1.002 


1.008 


1.046 


1.008 


1.052 


?3 


1.002 


1.008 


1.055 


1.008 


1.061 


?4 


1.002 


1.008 


1.060 


1.008 


1.061 


?5 


1.002 


1.008 


1.060 


1.008 


1.061 


1:’6 


1.002 


1.008 


1.073 


1.007 


1.068 


r7 


1.002 


1.008 


1.073 


1.007 


1.072 


pO 


1.002 


1.008 


1.123 


1.006 


1.116 


?9 


1.002 


1.007 


1.190 


1.006 


1.122 


110 


1.002 


1.007 


1.251 


1.006 


1.240 


Pll 


1.002 


1.007 


1.320 


1.005 


1.307 


?12 


1.002 


1.003 


1.381 


1.005 


1.368 


P13 


1.002 


1.005 


1.463 


1.004 


I.448 


•U 


1.002 


1.005 


1.019 


1.007 


1.017 




1.002 


1.005 


1.019 


1.006 


1.020 


03 


1.002 


1.005 


1.019 


1.004 


1.021 


04 


1.002 


1.004 


1.022 


1.004 


1.021 


05 


1.002 


1.002 


1.031 


1.003 


1.032 


<6 


1.002 


0.999 


1.062 


0.959 


1.057 


Q7 


1.002 


0.995 


1.100 


0.995 


1.090 


0,8 


1.002 


0.994 


1.128 


0.992 


1.107 


09 


1.002 


0.992 


1.170 


0.990 


1.157 


Q10 


1.002 


0.990 


1.200 


0.989 


1.188 


on 


1.002 


0.938 


1.270 


0.989 


1.241 


HI 


1.001 


1.008 


0.988 


1.005 


0.985 


R2 


1.001 


1.008 


0.987 


1,004 


0.984 


K3 


1.001 


1.007 


0.982 


1.004 


0.980 


f‘-4 


1.001 


1.006 


0,981 


1.004 


0.980 


k5 


1.001 


1.004 


0.978 


1.003 


0.976 


3i6 


1.001 


1.003 


0.975 


1.003 


0.975 


R7 


1.001 


1.003 


0.972 


1.002 


0.970 


r8 


1.001 


1.000 


0.952 


1.000 


0.952 


H9 


1.001 


0.99? 


0.929 


0.995 


0.926 


BIO 


1.001 


0.994 


0.90? 


0.992 


0.905 



Tab le 5< (Co nfc i mo d ) 



Position 


f e 


*■ ith 


coolant 


'•ththout 


coolant 






f h 


~F 


f h 


~r~ 


mi 


1.001 


0.989 


0.888 


0.938 


0.837 


K 12 


1.001 


0 . 986 


0.870 


0.985 


0.869 


H13 


1.001 


0.984 


0.855 


0.982 


0 . 854 



G. Ascription of Runs in Unit .'ell 

In investigating to© flux in the unit cell runs were 
made along the P, Q and radials emanating from the center 
of the fuel assembly as shown in Figure 3* tuns 1 through 
16 were made with no water in tho coolant annulus and will 
hereafter be called “dry" runs. .uns 17 through 32 were made 
with water in the coolant annulus and will hereafter bo 
called "wot" runs. The medium sized foils were used on all 
the dry runs, whereas on the wet runs the foil size was 
varied to study the effect of this parameter on the induced 
activities. The foil spacing was varied on tho dry runs but 
was held constant on the wet runs . 

"Spacing 1" is defined an that spacing along a radial 
when all the foil positions in tno graphite wore filled for a 
run. "Spacing 2” corresponded to a foil oeing placed in 
every other foil position, and "spacing 3*’ corresponded to a 
foil being placed in every third foil position along a given 
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radial, The i ,>ov<? spacing refers only to those folia placed 
in the graphite o lock, Foils vex* c placed in positions in 
the fuel assembly two at & time while the foils in the 
graphite were being irradiated, and this was called “normal 
spacing' 1 for foils in the fuel assembly. Thus, the data for 
runs 5> 11 and 16 were actually taken during runs 1, 2, 3# 6, 
7, 8, 10, 12, 13 and UU. * Tbo fuel assembly foil readings 
were grouped into individual runs steely for ease of 
reference. At least one run al~ng each radial was wade with 
all or almost all of the foil positions on that radial filled 
both in tb© fuel assembly and in the graphite. These were 
runs 1*., 15 j 19, 25 and 3$» and the foil spacing in the fuel 
assembly on these runs was designated as "close-packed 11 . On 
these runs medium sized iridium foils were used. 

Foils were normally placed along the t and «*, radlals in 
the horizontal position, and along the k radial in the 
vertical position as indicated in Figure 3. On runs 6, 8 and 
10 rodiun foils wore placed with spacing 1 along the 4 radial 
in a horizontal, a vertical and an L- shaped position respec- 
tively. Th© L- shaped position was obtained by bending the 
foil into a 90° angle and inserting it into the block so that 
it pointed outward along the radial. 

On runs 27 and 3 2 along the 4 and h radlals respectively 
the indium foils were wrapped in 0.010-ln. cadmium sheet ind 
irradiated. On these runs only one cadmium wrapped foil was 












. 
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placed In the block at a tire in order to avoid too large a 
deoression in the thermal neutron flux duo to the proaonco 
of the cadmium. 

On all but tho initial runs the counting times used 
were either two or three minutes. It was found that there 
was excessive scatter in tho experimental data using the two 
minute counts, and therefore three minute counts wore adopted 
for all the later runs, with t ie threo minute counts the 
maximum relative stand su’d deviation in the counting rate was 
$ per cent with the avora being 3 to Ij. per cent, Exclusive 
of those runs made with clone -nocked spacing, the foil 
loading for each irradiation averaged four foils along the >.*, 
radial and eight foils along the f and h radials* buns wore 
made along the P and 1 radlals simultaneously. l ? or any one 
irradiation all the foils were counted through once, nnd then 
a second count was taken. The average of the two saturation 
activities thus obtained was used as a measure of the flux. 

If the foil activities were high enough, a third and even 
fourth count was mad® and the average of all saturation 
activities was used. 411 runs made in the unit cell arc 
listed in Table 6. 
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Table 6. List of runs in un?.t cell 



nun 

no. 


Coolant 


•ad I al 


Foil 

size 


Foil 

spacing* 


Foil 

oriontation 


i 


Mono 


P 


nodi urn 


1 


horizontal 


2 


Hone 


P 


medium 


2 


horizontal 


3 


None 


P 


nodi urn 


3 


horizontal 


k 


Hone 


P 


ne dium 


1 OP 


horizontal 


5 


Mono 


P 


me dium 


normal 


radial 


6 


Non© 


vi 


medium 


1 


horizontal 


7 


None 




ne diun 


3 


horizontal 


8 


lone 


1 

"*0 


medium 


1 


vertical 


10 


Mono 


H 


medium 


1 


L-shaped 


11 


None 


Q 


medium 


normal 


radial 


12 


None 


U 


medium 


1 


vortical 


13 


None 


v 


medium 


2 


vertical 


14 


Hone 


it 


medium 


3 


vertical 


i< 


Hone 


u 


medium 


1 CP 


vertical 


16 


Hon© 


K 


medium 


1 


radial 


1? 


Wat or 


p 

♦ 


large 


2 


horizontal 


18 


Water 


p 


medium 


2 


horizontal 


19 


Water 


p 


medium 


1 VP 


horizontal 


20 


Water 


p 


large/me alum 


normal 


radial 


21 


Wat or 


p 


small 


normal 


radi al 


22 


Wat or 


u 


large 


3 


horizontal 


23 


Water 




medium 


3 


horizontal 


2k 


Water 


Q 


small 


3 


horizontal 


25 


Water 


<4 


medium 


1 CP 


horizontal 


26 


Vat or 


a 


large/medium 


normal 


radial 


27 


Water 


Q. 


medium 




horizontal 


28 


Water 


R 


largo 


2 


vertical 


29 


Water 


1% 


me dium 


2 


vertical 


30 


Vat or 


it 


medium 


1 GP 


vertical 


31 


Vat or 




large/ "odium 


normal 


radial 


32 


Water 


K 


medium 


2 


vertical 



E 

OF = close packed 



Table 7. 


Horizontal 


flux survey at y ~ -10 


in., z ~ 30 in. 


Position 


X 


formalized activity 


( c/m ) 




( in. ) 


Without coolant 


With coolant 


A5 


-27 


205 


244 


B5 


-21 


koo 


5X2 


c5 


-1 S 


835 


047 


05 


„ 0 

/ 


1088 


1062 


K5 


- 3 


1080 


1153 


*5 


3 


1248 


125b 


gS 


9 


1092 


1165 


115 


15 


790 


009 


IS 


21 


601 


5 67 


JS 


27 


2i}.l 


268 



D. Horizontal Surveys 

Horizontal pile surveys ver© made in tho x direction at 
y = -10 in. and. z = 30 in. both with and without water in 
the coolant annulus to determine whether or* not the trans- 
verse flux distribution in the suhcrifcical assembly was 
symmetrical. The normalized activities from these surveys 
ar© listed in Table 7 and are plotted in Figure 29. 



Lj.0 



VII. 1.3ULT3 

The raw data for all runs was reduced to normalized 
saturation activities, k 0 „ , and the corrected activities re- 
fer rod to the center of the uranium 3 lug, A q . The radial 
distances along the i 5 , A and >> racii als v;ero designated p, q 
and r respectively. Various combinations of experimental 
data are plotted in Figures 6 through 29. In fairing curves 
through the experimental points it was assumed that there 
were no radical changes of curvature of the flux distribution 
within the graphite block. 

a. Lffect of Foil Spacing 

Figure 6 indicates that induced activities for foil 
spacings 1 and 2 along the V radial were approximately the 
same and that they wore about $ per cent lower than the in- 
duced activities of those foils irradiated nt spacing 3* 

This depression increased to approximately 10 per cent for 
those foils located closest to the fuel assembly. Along the 
<i radial the change in foil spacing had an of feet on the in- 
duced activities as is shown in Figure 7« Along the h radial 
there was approximately a 5 per cent decrease in induced 
activities of foils irradiated at spacing 1 compared to those 
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Figure 7* Effect of foil spacing along Q radial 
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irradiated at spacing 2 as indicated in figure 6. 

On run l\. medium foils were clone packed on the 
in fc'.ae fuel assembly and were placed at spacing 1 in the 
graphite, figure 9 compares the activities obtained on this 
run with those obtained on runs 1 and 5 where the foil 
spacing 1 was used in the graphite and normal spacing was 
used in the fuel assembly. Thera was apparently a 10 to If? 
per cent doorosslon of foil activity in the fuel assor bly and 
a 10 to 20 per cent increase in foil activity in tm graphite. 
Tlie s ape type of runs was made and comp a red on the a radial 
in Figure 10. There was a 1$ to 20 per cent depression of 
activities in the fuel assembly with the foils close packed, 
but in the graphite the activities were about the same. The 
above runs were all dry runs . figures 11, 12 and 13 show the 
results of similar runs that were made with water in the 
coolant annulus. Approximately a 10 per cent depression in 
the induced activities was again noted when the foils wore 
closo packed in the fuel assembly, but there was very little 
change in the activities of thore foils placed in the ‘graphite. 
There did not a pm ear to be a great deal of distortion of the 
flux pattern oy placing the f ils close rmeued in the fuel 
assembly. 
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Figure 10. Effect of foil spacing along R radial 
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Figure 12. Effect of foil spacing along Q radial 








O 


© 


«H 


fcD 


4-5 


5m 


© 


<S 


4^ HI r- i 


«H 


& © Q3 




©45 -p 




«* c a 


S3 


k 0 H O H 


iH 


o « © » cd 


•H 


*H *H *H 


O 


H 5* ‘P £» rs 




a g a c 3 


v£> 


P ^ £•< #£5 Vh 



r cvpu 

£ § 

<P £t 

s w 


*3 


c 


C 


bp O 


Af 


£ 


c 


cu 


© 


« G' tS 


a 


w 

#-■ M 

*d *h 


© 



fH 

o 

c 

o 



! 

a 

ICO 



C 

o 

C 







© *p 


iH r-» 


4-' <H 




© CQ 


'i f 


$ D 


o 6 


P. 


o « e » 



Hrl 0 4^ 

3t «H P 
KS €> 



Q 

C$ 

£ 

© 

C 
**• 

€5 gCI 
S3 H p 



to i 







\S\ f^O 
CV2 CU CVS 



p c 
a: v* 



55 




( a // ) ' b /(?*-£.<£ /(J ~rtr'/cyb'±/ 

02 0 9 OT O* oe 02 



56 
















































© 

&0 



4 JS £ ^ 

H H fiJ C H © r4 

H f M P H C’ *H & 

C £ *P H P H 

©> C * P* *tf & X? 

P H ft & © CD 

g fc, u > u > u 

£ o 

-H c 

X5 O 



R 

c 

%H H 
k 4-5 











r vo 








%3 






0 




c *^ 


»x 




«r*1 £d 


o 


HI 


ci r 




2} 

Hi 


** 

IT, j? 


* 4 

ri 


rg 


«.££ <H 


© C5 


CJ 


■P O ,H 


a oa £ 


U 


C •* ci 


c U 




^4- o. 


H 0 


X 


H S? Id 


o C 




r. 




t: 


•'“V trfi 




a 


6 c 




a 


<■* 




H 


?w «H 


* - h> 


sd 


© P 


#H H 






.0 .T 




m ca 


r e 


C 


5S o 


c c 


•H 


„ Q. © 


tT: O C 


O 


XJ 4> 


CJ 4^ « 


Cd 


■p p d *<i 


& *h fc5 


a 


«ri «H ox! 


J3 


«& 


£ *H a 


M p,H 




t5 8? 05 


© CC © 


pH 

H 


€5 © © (.< 

X? K -22 t*' 


<2 fe<2 


0 


£ "' 






5E 






© 






© fU * 




O 


C, C: O 






t J Cl 




P 


? OOO'H 


O 


r. <3 oo 


© 


® H P 






S3 «rt PS 




*« 


n o 




fci 


33 *•« 




• 






H\ 






rH 






© 

& 






Ec 

H 






& 







57 




'k j. / A /u \y 



f-Z^O/AL. C> /_, TA\N^£ J r , ( / N . 



Lffect of Foil Orient ?ition 



Runs 6, 8 and 10 voro dry runs made along the h radial 
with medium foils placed In the graphite in a horizontal 
position, vertical position and an L~ shaped position 
respectively. The horizontal arid vortical placement gave 
very nearly the same distribution along the radial as shown 
in Figure 11}., The L-shaped foil orientation ap >©nrod to 
result in activities that were depressed approximate ly 10 
per cent from those obtained from the horizontal and vortical 
positions. The activities from the L~ shooed foils also had a 
larger amount of scatter than those activities obtained from 
foils mounted horizontally or vertically, 

0. Lffect of Foil Size 

Large, medium and small foils were used on runs 22, 23 
and 21}. in the graphite on the 2 radial with spacing 3* 

Figure 15 shows that tho small foils resulted in the highest 
specific activity, with the medium foil soetcific activities 
being depressed approximately 10 per cent from these and the 
large foil activities being depressed 15 to 20 per cent from 
the small foil activities. This trend was not observed on 
the ? radial there on runs 17 and 18 using large and medium 
foil 3 respectively, with spacing ,?, almost identical flux 
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Figure li r . Fffocfc of fol!J orientation 
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distribution curves wore obtained along the radial a3 shown 
in Figure 16. Figure 17 is a plot of runs 28 and 29 which 
were the sane as runs 17 and 18 except that they wore taken 
along the K radial. In this instance the large foil 
activities were found to be 12 per cant loss than the medium 
foil activities. For run 21 small foils were placed in the 
fuel assembly on© at a time along the P radial. The 
activities obtained in this manner were not appreciably dif- 
ferent from those obtained with medium foils plaoed two at a 
time in the fuel element assembly, as can oe seen by com- 
paring run 21 with run 20 in Figu re 16 . 

Dm Variation of Flux Along Different Hadials 

In in isolated unit cell with cylindrical geometry the 
lines of constant flux in the moderator would oe concentric 
circles. In a square unit coll in a reactor the lines of 
const cent flux in the moderator in the vicinity of the fuel 
assembly are closely approximated by concentric circles if 
the overall flux in the reactor were uniform from cell to 
coll. ( 3, p. 79) As the unit cell boundary is approached 
tho linos of constant flux are gradually distorted from 
circles into squares . At the cell bound ary the linos of 
constant flux would be squares. Since the unit coll 
activities, Aq, have all been corrected for the cosine 
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distribution in the x diroction and the exponential drop in 
the 2 direction, those activities coi a respond to those which 
would bo obtained if tho flux in the overall assembly wore 
uniform. Therefore lines of constant flux (or corrected 
activity) should be very nearly concentric circles near the 
fuel assembly. Since the linos of constant flux are com- 
pressed along tho 0, radial as they change from circular to 
square shape, it should be expected that at a given radial 
distance the flux along the P and K radials would be equal 
but less than the flux along tho Q, radial. 

In Figures 13 and 19 the corrected foil activities 
along the P, v* and It radials a to plotted and compared for the 
wet and dry runs respectively. The activities along the dif- 
ferent radials are seen to match up very closely for the wet 
runs and fairly well for the dry runs. Activities along the 
Q radial appeared to be slightly higher than on tho *• and I* 
radials. This v;a3 probably due to the reason mentioned above 
and to the fact that spacing 3 was used on the radial while 
spacing 2 was used on tho x and radials. The activities 
of tho foils in the fuel assembly all fell within relatively 
narrow limits as can be seen in Figures 18 and 19. Tho 
single curve faired through those points in the fuel assembly 
corresponds to the average at a given radial distance of the 
activities measured along tho three radials. Figures 20 and 
21 are the same as IS and 19 except that on these runs the 
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.foils in the fuel assembly wore close packed. Those runs 
simply corroborated the results shown in Figures 18 and 19* 
The average activities in tno fuel assembly are seen to 
agree very olosoly in general shape, but the magnitudes of 
the close packed foil activities are depressed 10 to 1$ per 
cent below the activities of those foils that were irradiated 
only two at a time. So© also Figure 2? which compares the 
averages of the above runs. 



E. Effect of Coolant 

Identical rum wore made along each radial with and 
without coolant and these ore plotted in Figures 22, 23 and 
2l{.» On the wet runs there appeared to bo about a 5 per cent 
depression in the flux in the region adjacent to the fuel 
assembly along all three radials. This depression continued 
to the unit coll boundary on tho v* radial, but there was no 
apparent depression at the unit cell boundary on the F and h 
radials . 

Within the fuel assembly it could in general be said 
that the flux was depressed on the wot runs. On the jr and 0. 
radials this depression amounted to about 10 per cent whereas 
on the H radial the depression was very slight. There was a 
characteristic flux pattern evident in the fuel asaombly 
from tho data for the individual runs which was more apparent 



?3 
















H 



n © 




■"<2 






e 


© « 


o 


<C *H 


•H 




*P 


W 


d 


<D £ 


■P H r-4 


£t *M 


£ d d 


O © 


© -P «P 


£ d 


*h d c 


0 


^ O H O ri 


6Q 05 


O ^ M «! 


iH 


•H •H *H *H 


*H iH 


«H k *d U *d 


c d 


H O CS O C5 


«Hg 


O £ U A u 
& 


H 

c 0 


t'C 





d -P -p 

H CJ«H >■* 





CO* E E 


iH 


HOJ k © © 


CS 


*H U) © El © C 


♦H 


O C 4> CT -P CQ 


•d 


^dOCiHCiHa! 


c$ 


M E.d ox! X 


k 


g -P «H CUr-f ftH 




2 C «£©©«© 


o, 


&2 


t£ 


© «*■> 


0 


E*W 


c 


rH 


tco K<P U U 


96 


CCCSOMO 

•HS-rtfSSJC-PP 


•p 


W o r-t o O » « 


£ 


£ CM CS O *5 25 rs !3C 


d 


Pi 0* o 


H 


G no 


O 


o » 


o 


Sri'S 


o 


13 




* • 




© 03 O 


o 


f-d!>c „ 

COM OJ U\C0 O 


p 


Jirip g «H ro 


© 


« r. 3 


© 


ra *h © d 


«> 


d n « 


t-4 


3 c n 


r . - ( 

V*-4 


B o, * 


• 

CM 




CM 




O 




U 




£ 








•H 









79 




Q 

*9 






$ 

V. 






kf 

Vj 
* 

5 

V) 
\ 

Q 

>) 

\ 

Q 






<9 



<§ 



^j* 

ki 

Q 



*1 



>0 



1 



<D 



Q> 

> 



< uj/o ) ' c \/ ' Aj./ f\/J.z>ty &c>3 






IJ'J 

















h0 

an rH 






«H <S5 0 




c 


O 




♦H 


® kt Jh 

a 0 © 




TJ 


so c d 




O 






TO 






3 


c 




0 


© 




d 


«H 




O 


45 




& 


c3 H H 

•P cd a? 




Cl 


C X3 45 




r4 


© d d 




*H 

C 


£ §3 83 




<4i 


O *H *H «H *H 






& ^ d *d 




© 


h 0 d 0 m 




to 








0 




03 


&< 




rH 


£*> 






r4 r~f 

X? X> 




TO 


P s 




iH 


© <$ 


ej 


*H 


© TO © TO 


«H 


O ^ 


-P TO 45 TO 


(W 


^ nD 


d *H d *H C£ 


& 




0 Xj Si 




§ • 


•ri £X,r4 CWr-4 


O' 


d g 


fcO <3 © su » 


*3 2 


O u p u =5 
;r t&C* 


t* 


0 




C 


£ c 




o 


© 




rH 


ts 


•w JU 


cj 


c <X 


C « 4) O O 




*H O 


3 s a 43 




TO 


h 0 0 tj a 


fl 




0 ss 25 4* “s 


© 


c* 


0 


r-! 


O CJ O 


o 


X5 




o 


S cj 
S cr 




o 


• 




V~1 


© TO 


V© 


o 


k d 


d 




0 0 


C*-rH r^O 


45 


5£ *H 


d CM CM 


0 


-P 


3 


© 


TO *H 


£1 


<vH 


c « 






3 0 




*4 


cc a 




• 












CM 






© 






M 

3 






bo 






r* 













/BOO 



81 




0 

K 



On 

•c 



* 

\ 



O 



o 



o* 

j 

z 

5 

'O 

Q 

4 

X 

V* 

0 

£ 



<a 

O' 

o 

0 

> 

C 5 

O 



(uj/j,) ( °t/ 'yKJ./A/JLD[r/ a^-L PBBb'C 






•32 






















H 



ft 

U 

A 

to 

S5 

o 



42 

£ 

rH 

<*> 

O 

O 



-P 

c> 



CM 



© 

£j 

& 

*rt 





fe£ 






*H 


*d os 




a 04 


SCM F 




d 


*. 




a 


© O 




Tf> 


d C 


d 




3 




T 2 


o 

♦Hi 




O 


*p 




3 


*3 




3 


4 ~* rH 


rH 




a « 


<£ 


CD 


Q O 


H OH 




*H *H 


fij *H i. 


© 


£* -P 


*H *p *H 


5 ; 


o ?* 


“d ?-« r c> 




s> 


as © d 


rn 


fH J** 


i*t r* H 


rH 


*r~ 




•H 


jv. J 




O 


Ch 




«W 

© 




W r'i 


tr~ 




rH rH 


& H 




,D 


s$ rp 


S £ 






o o 


a £ 


© 


Cfl w v 2 


-p 


£51 P CC. 


r* 


:: *h c 5 


rH 


S 43 





*H 0 «ci GsrH £*rH 

O C t*3 C3 0 ■£' 

V © ^ $ u z 

C A tc<rt fc3$* 

«t? /y* 

•h ' t: 

•d d -p 
fc> r. d 
g 3 C? 

V\f-» C 

fcOCX O C - _ 

C O 5S &. 3! 3 

•H 

rrt *4» 

S p? 

r~' ***■>£ 



r.i f* 
5 & O 
C 4 g -P 
O S3 sS 



© Vi * 

u c o 
« o d 

r-’ w< f»\vDO N i“-5 
' *s K rt i-i CM <r\ 

a *?i d 

c csx 
;j o 
te ex 



83 




0.2 0.4 O.fr 0.8 /.O 2.0 3.0 40 3.0 

D/3TA/VC2, r, ( /A/. ) 



f>4 

when the average of the roadings ta -ran on the three radials 
was plotted as shown In Figure 2 $. There is seen a pattern 
that is fairly consistent with that predicted theoretically. 
That i3, for the vet runs there la an increase in tho 
thermal neutron flux across tho water annulus, whereas for 
tho dry runs the flux across the air annulus remains about 
constant. On the P and B radials it was noted that on the 
dry runs thore was a rather sharp increase in flux (about 10 
per cent) in tho air hole beyond tho process tube, whereas on 
tho wet runs there was little if any increase in thermal 
neutron flux across this air space. 

Figures 26 and 27 show results of runs which wore made 
with and without coolant with foils in the fuel assembly 
close packed and foils in the graphite at spacing 1. Thoro 
was considerably loss scatter- in the experimental data of 
Figures 26 and 27 than there was in Figures 22 and 2i|. This 
was probably duo in part to the fact that for the close 
packed runs with spacing 1 in tho graphite all of the foils 
were irradj.ated simultaneously in the same flux field. For 
spacing 2 and 3 thoro were two or three irradiations required 
to complete a survey along a radial. Since tho foils were 
located differently for each irradiation, the flux field was 
shaped differently for each irradiation. 
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Figure 25* Average flux in fuel assembly 



86 



<9 









« 






*> 



Q 

C 3 

O © 

iH 43 
O 4 J 



W £ 
rH *H 
•H 

O iH 

to 

£3 C 

P «H 
•H O 

a 

rH W 

S 5 

*H P 

*d CO 
33 

sod 

B.S 



t0?>* 


P k 


£ rd 


a © © 


043 


8 g p 


H S 


iH O d 


CO © 


O S3 25 


«73 


O 


-P 33 


o 


d c3 




33 




H H 




O © 




O 3 




0<H 


• 




c 


^ a 


fl 


OH © 


~rtO 



4 J> H 

4->"d *H 3 



O © 
© 4 tf 
^ a 
U d 



r« rv* 
Ah '• ■ 

a 

cc$ 

*4 



v34 O0 



<\J 



© 







87 




( cc // 0 ) ' °\/ r ^u/A/uz>{ 7 ' 



0.2 04 0.6 Q8 /.O 2.0 3.0 40 S.O 

/? ^AO/AJ- D/STAA/CE j jo, (/a/ ) 



88 
























































































































* 

. r ^ h- ; 









© 

CO 

o © 

H 45 

O -P 



£ 

•rt 



CJ 
H 

•H 

C r-i 
$-! 

60 

XI S3 
*P *H 
•H O 






eg 

a 

m 



r-1 

eg 

«H 4» 

*t? c3 
<& 

k *3 

G 

PS a 

60 S 

fi H 

o£ 

r-? E 

cc © 

» 

4-3 £0 
£ 05 

ce 

r4 rH 

o © 
o 3 

O <i-| 

^ d 

O *H © 

4^ 

<P ’T? «H 

o © 43 
© ^ 0* 
<H © flg 

<h m u 

& a to 



-p 

g u 

eg © © 

rH £ -P 
OOfil 
5S 
o 



o 

CS 

IAO 

enn 

3 

,‘V* 



r- 

OJ 

© 

& 

& 

Uh,/ 



89 



A & yr'Orv/o&Q 



% 

\ 




(A//7 / /V fcr' b / /7 



— * 



§ 

$ 



I 



1 



§ 

'j- 



( 



(/ <3 3 U. 03^ *0^) 



OZ 0.4 0.6 08 /.O £0 3.0 4.0 SO 

/Dio T/\AJC ^ , r j (/N-) 



90 



P. Cadmium nafcio 



Cadmium ratios vcr© determined along the and a 
radial? with coolant and ara plotted in Figure 2fl. Along 
both I’aciials the cadmium ratio increased with distance from 
the uranium. The increase along the i radial was about 10 
per cent at the unit coll boundary and along the »\ radial 
the x*atio increased about 17 per cent at the coll boundary 
over what it was in the fuel assembly. 

0. Comparison of Flux in Unit bell With 
Overall Flvuc in tho assembly 

Table 7 lists the results of the horizontal pile surveys 
taken at y = -10 in. and z = 30 in. with and without coolant. 
These surveys were taken using tho large (1 In. by If in.) 
aluminum backed indium foils. Plots of the horizontal pile 
surveys with and without coolant apnear in Figure 29. Unit 
cell surveys along the Ft radial obtained with medium foils at 
spacing 2 are also plotted on Figure 29 to show tho relation- 
ship of the unit cell flux distribution to the overall 
assembly flux distribution. The activities per gram obtained 
with the smaller unit cell foils were approximately 1.77 times 
larger than those obtained using the large (1 in* by If in.) 
pile survey foils* The unit cell activities were divided by 
this factor of 1*77# end this reduced unit cell foil activity 
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Figure 28 



Cadmium ratios along Q, and R radials 
(with coolant) 
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Figure 29. Horizontal flux surveys at y = -10 in. and 
z = 30 in. 
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was plotted on Figure 29. 

Normalised saturation activities in the unit coll along 
the P radial using medium foils at spacing 2 with and without 
coolant v?ere plotted on Figures I4. and 0 respectively to com- 
pare the vertical flux distribution in the unit cell with 
that in the pile. Since the overall vertical pile survey was 
taken at x = -3 in. and the vortical unit cell survey was 
taken at x ~ -10 in., there wore no common points in the two 
surveys by which one set of data could be converted to the 
other. It was assumed that the ratio of activities would be 
the same as it was for the horizontal surveys. Thus the unit 
cell activities plotted in Figures ij. and 5 are the actual 
saturation activities reduced by the factor of 1.77 and 
corrected for the cosine distribution in the pile. The 
corrected vertical flux survey In the unit cell matched the 
vertical pile survey in the region remote from the fuel 
assembly. 
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VIII. DISCUS3I0H OP aESULTS 

&. Techniques for* Measuring Flux Distribution 

in a Unit Cell 



In making any physical measurement groat care must b© 
taken not to Influence tho quantity measured by the technique 
of measuring. This is especially true in the case of neutron 
flux measurement by the foil activation method. It is im- 
possible to avoid altering the flux field vixen using the 
activation method* out it is possible to keep those altera- 
tions as small as possible. Space must be made available for 
placing tho indium foils, and the foils must be largo enough 
so that their induced act5.vitiea after irradiation in the 
neutron flux are detectable and meaningful. 

In order to obtain reproducible results it is of primary 
importance to ootain sufficiently good counting statistics. 
Due to the smallness of the indium foils, the low neutron 
flux, and the $k minute half life of indium, the allowed 
counting time is limited. Use of gold foil with its longer 
half life would help solve this problem, but would require 
longer irradiation times. If several foils were to bo 
counted it was found best to use short counts and count 
through all the foils two or more times and average these 
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rather than taice single long counts. Although averaging the 
saturation activities obtained from several short counts did 
not appreciably improve the counting statistics it did help a 
great deal in reducing the scatter of the experimental data. 
This was probably due to the fact that averaging tended to 
reduce the variations in counting geometry from one foil to 
another. Tho counting geometry of the foils must of course 
bo kept constant as well as tho geometry of the foil while it 
is being irradiated. This was probably the main reason why 
the L- shaped foils gave such erratic results on run 10. In 
bonding tho foils into tho 90° angle son® were undoubtedly 
bent slightly different than others and thus had different 
irradiation geometry. Furthermore when these bent foils were 
counted it was difficult to flatten them out under the 
counter and this introduced variations in counting geometry. 
By irradiating the foils flat, either horizontally or 
vertically, the above difficulties were eliminated. 

Foil size, spacing, loading and oounting time should be 
determined by the typo of results desired and the time 
available to collect tho data. If quantitative results on 
the unit cell aro desired, the smallest foils possible should 
be used, and they should ao irradiated in the unit cell one 
at a tine. Tho minimum size of the foil would depend on the 
flux level. For tho flux encountered in those experiments 
it was found that tho minimus usable size of u. 00 3 - in. indium 
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foil was k In. by } in. If only qualitative results aro de- 
sired, for examplo, if it Is desired to determine only the 
pattern of the flux distribution, the foils placed in the 
unit cell way bo larger both in size and in number* Kven 
placing the foils clops packed in tbs fuel assembly and 
placing the foils at spacing 1 in the graphite did not appear 
to greatly distort tho flux distribution in tho unit coll. 
Although the general flux level was depressed by clone packing 
tho foils in the fuel assembly, tho general shape of tho flux 
distribution waa not greatly altered as is shown in Figure 

25 . 

Using the activation method is a time consuming process 
wn©n using small foils in a low neutron flux clue to the fact 
that the foils must be irradiated about 6 hours oetweon each 
run. It is therefor© most advantageous to read as many foils 
as possible per irradiation. With the size foils used it waa 
found that the maximum number of foils it was practical to 
read at one time was eight. By using two or more counters 
simultaneously it would be possible to reduce tho tine re- 
quired for counting per irradiation and also the number of 
irradiations per run, 

B. Tho Plus; Distribution In a Unit Cell 



The matching of tho flux distribution curves along the 
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I’t Q, and H radlals as was seen in Figures 18 and 19 would 
soon: to verify tho validity of the f x and correction 
factors which wore questioned by Clayton (2, p. 33 )• At 
least they 3 eons to bo valid s^ithin the Units of accuracy of 
this investigation. 

The general effect of water in tho coolant annulua of 
tile fuel assembly was to depress the flux in the fuel assembly 
and in the surrounding graphite. With tho exception of the 
flux eastern shown in Figure 23 it appeared that there was 
vory little if any degression of flux in tho region near the 
unit coll boundary. Honce, horizontal and vertical flux sur- 
veys made across the assembly vrlth the survey foils located 
near* the unit cell boundaries would not detect any variation 
in tho flux dls tribution due to the addition of coolant. The 
survey foil positions in tho suberitical assembly used in 
this investigation wore located half v>ay between the centers 
and the boundaries of the unit cells so tnat the depression 
of flux due to the coolant was hardly detectable. Although 
not very pronounced tho moderating effect of the water was 
apparent from tho experimental data plotted in Figures 23 
through 26. With improved statistics and refined counting 
procedures it should be possible to measure quite accurately 
tho effect of coolant on the flux distribution in the fuel 
assembly. 

The high foil activities obtained in the unit coll as 
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compared with those activities obtained when making hori- 
zontal flux survey? across the entire aanonbly wore probably 
duo mainly to the counting geometry. The geometry factor for 
the ’unit coll foils approaehod 50 par cent since those foils 
wore completely covered by the window of the counting tube 
which was 1 1/8 in. in diameter. However tho large foils 
used in making the overall pi3.c surveys extended out beyond 
the counter window. This would cause the activity per gram 
for the small foils to be higher than for the largo foils. 

The unit cell foil act3„vities which arc plotted on 
Figure 29 indicate that the flux distribution across the 
assembly has large deviations from tho cosine distribution 
due to the depressions in the vicinity of the fuel assemblies. 
This points up again tho importance of foil placement when 
making flux surveys. Three different horizontal flux dis- 
tributions would bo obtained across the assembly depending on 
v&iother the foils were placed in the empty holes, in tho sur- 
vey 3 lots or in the Violas loaded with fuel elements. Those 
are shown as curves A, B and C respectively In Figure 30. 

The actual flux distribution would be shaped lixe curve D 
with door ©S3 ions at tho fuel o laments and peaks at the cell 
boundaries. The dopr ©salons in tho region of the fuel 
assemblies are probably not ns pronounced as the experimental 
data indicates because the presence of the indium was partly 
responsible for the lowered flux. 
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Unit coll foil activities along the P radial wore plotted 
on Figures i). and 5 simply to show that the vertical flux dis- 
tribution also deviates considerably from the theoi otieul ex- 
ponential drop. It is apparent that when irradiating foils 
for the purpose of determining the buckling, it is important 
that the foils be irradiated at the same rol.at.ive position in 
each unit cell. The validity of the position correction 
factor, f x , would again appear to be verified from the fact 
that when it was applied to the unit cell survey data, the 
corrected data matched the pile survey data very closely in 
the region away from the fuel assembly. 

Tho shapes of the cadmium ratio curve a in Figure 20 show 
that tho fas*; neutron flux in the region near the fuel 
assembly is higher than in the region near the unit cell 
boundary. The cadmium ratios obtained along the radial 
indicate that the fast neutron flux is symmetrical with 
respect to tho center of the fuel slug. Since a low cadmium 
ratio indicates a relatively higher fast neutron flux, it is 
apparent that tho fast flux becomes maximum in tho fuel 
assembly, dro'>s off as tho coll boundary is approached, and 
increases again as tho slug in the adjacent unit cell is 
ap nr cached. The higher cadmium ratio at the coll boundary 
along the H radial as compared to that along tho „ radial was 
duo to tho faetthat the cell center- to-bound ary distance was 
greater along tho Li radial, and hence there vane fewer fa3t 
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neutrons regaining at the cell boundary in the u direction 
than there wore in the -4 direction. 

C. Comparison of experimental .osults with Theory 

Tho theoretical flux distribution in th© unit coll of a 
simple two-region fuel-moderator system is shown a a curve A 
in Figures yi and 32. Curves E and C are the theoretical 
flux distributions in a laultiregion system with and without 
coolant respectively. Since the experimental results indi- 
cated there was very little depression of flux in tho region 
near the unit coll boundary due to the water coolant, the 
theoretical curves wore normalised to the coll boundary flux. 

Le suits of flux surveys along the t' and U radi ala for 
both wet and dry runs are plotted on Figures 31 and 32, where 

tho experimental data was normalized to the average cell 

boundary flux. Two-region theory is seen to agree quite well 

with the experimental data. However a curve througn the 

experimental points would have less slope than that predicted 
by Hurray. Multliegion theoz*y both with and without water 
coolant appeal’s to give high values for too flux in the 
graphite but the shape of the curve appears to agree closely 
with the experimental data. In multirogicn theory the varia- 
tion of flux across the cladding, coolant and process tubes 
was assumed to be linear, and tho flux across air gaps was 
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Figure 31 , Comparison of experimental data with theory 
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Figure 32. Comparison of experimental data with theory 
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assumed to be constant. These assumptions appear to Pa valid 
except for the water coolant. Tbs theoretical decrease in 
flux across the voter annulus was aoout twice as large as 
that observed. This discrepancy was prosauly due to the fact 
that the moderating effect of the water was ignored in 
calculating the theoretical curves. Although the theory of 
hum soy and Volkoff provides for the moderating effect of the 
water in determining the thermal utilisation of the lattice, 
it does not provide for the inclusion of this effect in 
calculating the flux distribution. 
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IX. CONCLUSIONS 

Tho activation method is quite adaptable to the measure- 
ment of neutron flux in tho unit cell. By reducing the 
statistical deviation of the foil activities It should oe 
possible to determine accurately the flux distribution. For 
more exact calculations It would also be necessary to correct 
foil activities foi 5 the fast neutron flux which la present 
and measured along with tho thermal flux. 

The flux distribution predicted by two-region theory is 
in very closo agreement with the observed distri tuition. 
Murray’s assumption that any poisons that are tolerable a 0 not 
appreciably disturb the basic fuel-moderator flux distribution 
appears to b© reasonably valid, although those poisons do 
flatten out the flux distribution in the graphite. Multi- 
region theory appears to predict a flux level In tho 
moderator which is generally higher than was observed. It 
also gave a larger flux depression across the water coolant, 
because the moderating effect of the water was ignored. 
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A. oUGGL'''i.‘IOf'3 oTJDl 

further invest i ; gat Ion of the flux distribution in trie- 
unit coll of the suocritical assembly could be carried out by 
varying certain other parameters, such as coolant, lattice 
siso and slug si kg * One could also oxaaine otner unit cells 
either adjacent to the one examined herein or in another 
region of the assembly. On any further work the flux surveys 
might bo continued into the fuel element itself. 

The apparent rise in the flux in toe air gap beyond the 
process tube along the I- and K radials presents an interesting 
phenomenon which could be furthor investigated. The flux 
pattern In this region Is apparently dependent upon bho flux 
pattern in the coolant annulus, however the statistical de- 
viation of the experimental data of this investigation pro- 
hibits making any definite conclusion along these lines. 

Another subject fer investigation could be the theoretical 
development of tin? flux distribution in the unit cell. As 
was previously pointed cup, the theory of humsey and Vo lx off 
was primarily aimed at a more refined prediction of the 
thermal utilisation rather than an exact solution of the 
point-to-point flux distribution. By extending diffusion 
theory to the multiregion system it would be possible to 
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obtain the theoretical flux distribution in each region. 

~>uch treatment would oe particularly adaptable to p indicting 
tho flux distribution across a moderating region, such as 
the water filled coolant annulus. 
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Table 0, Dimensions and material constants for the unit cell 



Dimensions 




t' u , uranium rod radius 


1.270 cm 


t ft j , thickness of aluminum cladding 


0.102 cm 


t w , effective thickness of water annulus 


0.273 cm 


tp , effective thickness of process tube 


0.102 cm 


t a # r , effective thickness of air annulus 


0.455 cm 


r-j. , equivalent inner radius of graphite 


2.20 cm 


Tg 3 equivalent outer radius of graphite 
Volume per slug 


11.94 G ' n 


V u , uraniun 


103 . 0 on 3 


V a i f slug can and cap 


23.0 cm 3 


V , water 


55.7 cm 3 


V„ , process tube 
P 


22.6 cm 3 


V s graphite 

Absorption cress sections 


9250 cm 3 


2 ” , aluminum 


O.OI 323 cm " 1 


£ , uranium 


0.324 cm”* 1 


5 - . t graphite 


O.OOO 36 cn " 1 


£ >; > water 

Inverse diffusion lengths 


0.017 cm”'*’ 


X , uranium 


0.675 cm ” 1 


K » graphite 

CP 


0.01992 cm " 1 


» water 


0.3472 cm " 1 


X j aluminum 

EX 


0.0495 cm~l 



